Twenty-four 5-month-old battery-hatched Japanese quail were inoculated orally with 10 5
Many species of mammals and birds are intermediate hosts of Toxoplasma gondii. 5 Toxoplasma gondii infection is subclinical in many avian species, and some species are resistant to clinical toxoplasmosis, especially gallinaceous birds. 1, 3, 5, 8, 10, 11, 13, 14 Prevalence of T. gondii infection in avian species is largely unknown. Seroprevalence studies are unreliable because the Sabin-Feldman dye dii in sera of test does many avi not detect antibodies to T. gonan species. 8, 9 Nothing is known concerning toxoplasmosis in Japanese quail (Coturnix coturnix japonica). The objectives of the investigation reported here were to study the serologic and host responses of Japanese quail to experimental T. gondii infection.
Material and methods
Experimental infection of quail. Twenty-four batteryhatched 5-mo-old male quail weighing 128-194 g were used; all birds were hatched from eggs set at the same time. Quail were divided into 4 groups (A-D) of 6 birds each. Birds (nos. 102, 105, 108, 110, 112) in group A and birds (nos. 101, 104, 106, 107, 109, 111) in group B were inoculated orally with 10 5 (group A) and 10 3 (group B) infective oocysts of the ME 49 strain of T. gondii, which is of sheep origin, produces many tissue cysts in the brains of mice, and is of mild virulence in mice. 12 Birds in group C (nos. 113, 114, 116, 119, 121, 124) were each given 10 5 and birds in group D (nos. 115, 117, 118, 120, 122, 123) were each given 10 3 infective oocysts of the GT-1 strain of T. gondii, which is of goat origin and is highly virulent in mice (1 T. gondii of any stage is lethal to mice 4 ).
The oocysts were deposited directly in the crop by a canula. Oocysts had been obtained from the feces of experimentally inoculated cats, sporulated in 2% sulfuric acid, and stored at 4 C for 15 mo (ME 49) or 7 mo (GT-1) before use in the experiment. The number of infective oocysts in the inocula was determined by bioassays in mice. 5 The inoculated birds were housed in sterilized wire cages, and their bedding and excreta were collected for 7 days after inoculation (DAI) and incinerated to kill oocysts that might pass unexcysted in feces. 7 Quail had access to poultry ration and water ad libitum without any anticoccidial drugs.
Bioassays of quail tissues for T. gondii. Quail that survived were euthanized 63 DAI, and their tissues were bioassayed for T. gondii individually. One half of the brain (0.9-2.1 g), most of the heart (1.7-2.5 g), and muscles from breast and legs (15-23 g) were homogenized in 5 volumes of 0.85% NaCl (saline solution). Muscles from breast were digested in acidpepsin solution. The muscle homogenate was made in a blender, an equal volume of 0.52% acid-pepsin solution 5 was added, and the solution was incubated at 37 C for 90 min in a shaking water bath. The homogenate solution was filtered, centrifuged at 1,200 x g, and washed in saline, the supernatant was discarded, and the sediment was suspended in antibiotic saline (1,000 U penicillin + 100 µg streptomycin/ml saline) as previously described. 5 Five milliliters of this suspension was inoculated subcutaneously (SC) into 5 Swiss Wester female outbred 20-25-g mice. Brains and heart were ground separately in saline solution in a mortar with * MAT = modified agglutination test; IHA = indirect hemagglutination test; LAT = latex agglutination test; DT = dye test. † Number of T. gondii-positive mice. Two mice were inoculated with quail brain and heart, and 5 mice were inoculated with quail skeletal muscles.
pestle, and most of the undigested homogenate was inoculated SC into 2 mice each.
The mice inoculated with quail tissues were euthanized and blood was collected 46 DAI. Serum from each mouse was tested for T. gondii antibodies at a dilution of 1:100 using the modified agglutination test (MAT). 6 A portion of cerebrum from each mouse was crushed between a glass slide and a coverslip, and the unstained preparation was examined microscopically for T. gondii tissue cysts as previously described. 5 Serologic examination of quail. Blood samples were collected from the heart at necropsy. For control sera, blood samples from 6 additional quail (from the same hatch as inoculated quail) were collected the day before oocyst inoculation; these quail were euthanized and were not used further in the experiment. Sera were stored at -70 C until termination of the experiment.
Several serologic tests were used on quail sera for T. gondii antibodies. The MAT, latex agglutination test (LAT), and indirect hemagglutination test (IHA) were performed at the USDA Zoonotic Diseases Laboratory. For MAT, sera were initially screened at 1:25, 150, and 1500 dilutions using the formalin-fixed whole tachyzoites as previously described. 6 Sera with antibodies were end-titrated in 2-fold dilutions. The LAT was performed with a commercial test kit following the manufacturer's instructions. a Sera were diluted 2-fold 1:16-1:4,096; titers < 1:32 are considered negative in LAT. The IHA test was performed with a commercial kit following the manufacturer's instructions. b Sera were diluted 2-fold 1:64-1:4,096; titers < 1:64 are considered negative for the IHA test. The MAT antibody titers of the positive control sera provided in LAT and IHA test kits were 1:25,600 and 1:3,200, respectively.
The Sabin-Feldman dye test (DT) was performed at the Institut de Puériculture, Paris, France. 2 Sera were heat inactivated at 60 C for 30 min, and 1:4-1:512 dilutions were tested.
Histologic examination. Quail that died or were euthanized were necropsied. Portions of the brain, both eyes, heart, pectoral (breast) and semitendinosus (leg) muscles, liver. lung, spleen, kidneys, proventriculus, gizzard, pancreas, and small and large intestines were fixed in 10% formalin. Portions of collected organs were processed through graded alcohols, embedded in paraffin or plastic, sectioned, stained with hematoxylin eosin (HE), and examined with a light microscope.
Results
All quail given oocysts of the GT-1 strain became anorectic and depressed 5 DAI, and those given 10 5 oocysts died or were euthanized 6, 6, 6, 7, 7, and 8 DAI. Of the 6 quail given 10 3 GT-1 oocysts, 5 died or were euthanized 8, 9, 15, 19, and 23 DAI; the survivor was euthanized 63 DAI.
The quail given ME 49 strain developed milder disease than those given GT-1 strain. One quail (no. 102) given 10 5 oocysts died 9 DA1 and 1 quail (no. 111) given 10 3 oocysts died 16 DA1 of acute toxoplasmosis; the remaining 10 quail remained healthy and were euthanized 63 DAI.
Antibodies to T. gondii were found in sera of all quail examined 63 DA1 (Table 1) . Antibody titers in MAT were 1:1,600-1:51,200 and were higher than in other tests. Antibody titers of the control, uninoculated quail were < 1:10 in the MAT. Antibodies to T. gondii were not detected by DT in 1:4 dilution of serum from any of the 11 quail examined 63 DAI. Toxoplasma gondii antibody titers of the 2 quail that were euthanized 16 and 19 DA1 were 1:800 in MAT, 1:16 in LAT, and < 1:64 in IHA test for quail no. 111 examined 16 DAI, and 1:51,200 in MAT and 1:1,024 in LAT and IHA test for quail no. 123 examined 19 DAI.
Toxoplasma gondii was isolated from tissues of all 11 quail necropsied 63 DAI: from the brains and hearts of 10 each and skeletal muscles of 11 quail (Table 1) . All mice inoculated with infected quail tissues were seropositive, and tachyzoites or tissue cysts were seen in tissues of seropositive mice. The histologic presence of parasites in organs of quail are tabulated in Table 2 . Lesions were seen in all quail examined up to 23 DA1 and in 3 (nos. 115, 112, 105) of 10 quail 63 DAI. Lesions in individual organs were as follows. Intestine. By 6 DAI, segments of small intestine (SI) had numerous T. gondii tachyzoites (Fig. 1 ). Mild to marked hemorrhage and fibrin exudation was present in some SI segments. In most portions of SI, there was sloughing of the absorptive epithelium followed by villus contraction and hypertrophy of crypt epithelium; in other SI portions, parasitism was accompanied by total collapse of the mucosa (Fig. 2) . Bacterial superinfection was seen in the lumenal biodetritus. Cecal pouches were spared from infection. Parasitism was diffuse, was most severe around medium and large blood vessels, and was accompanied by severe edema and sheets of macrophages, lymphocytes, plasma cells, and heterophils that extended throughout the mucosa and muscularis to the serosa (Fig. 3) . Although the serosa was inflamed, perforation was not apparent. Blood vessels were congested, and extravasation of erythrocytes was common. Marked and maximal SI lesions were found through 9 DAI. Portions of SI from quails examined 15, 16, 19, and 21 DAI had minimal to moderate multifocal coalescing nonpurulent protozoal enteritis. Although there was mild increased cellularity in the lamina propria (lymphocytes and plasma cells predominated), villus length and crypt depth was judged to be within normal limits. Spleen. From 6 through 9 DAI, sections of spleen were characterized by marked multifocal coalescing pools of fibrin and infiltrates of heterophils and other inflammatory cells. Numerous T. gondii tachyzoites were found throughout the sections, but the largest populations of parasites were centered around arterioles. Bacteria were not seen. Erythrophagocytosis was present. After 9 DAI, rare T. gondii tachyzoites were found. Spleens were hypertrophic (macrophages, plasma cells, lymphocytes), and small or very large clusters of hemosiderin-filled macrophages were scattered throughout the parenchyma.
Liver. Mild to marked multifocal fibrinopurulent protozoa1 hepatitis was present in 4 of 9 quail examined 6-9 DAI. In contrast, hepatic lesions in older quail were characterized by clusters of inflammatory cells that were most abundant in and around portal tracts. Small condensed pools of fibrin were present. Parasites were not seen. Sections of the liver from the quail euthanized 63 DAI were characterized by few megalocytes and relatively numerous multinucleated hepatocytes. Lung. At 7 DAI, mild diffuse pulmonary congestion and edema were accompanied by T. gondii tachyzoites that were scattered throughout the section. Quail examined 8-16 DAI had mild to marked diffuse fibrinopurulent protozoa1 interstitial pneumonia that tended to be centered around secondary and tertiary bronchi. Large clusters of tachyzoites were commonly found adjacent to the walls of medium-sized blood vessels. Thickened interstitial spaces and collapsed air capillaries radiated from these areas and involved the entire lobe (Fig. 4) .
Heart. Minimal to mild multifocal protozoa1 myocarditis was present in all 6 quail examined 7-9 DAI. Marked to maximal protozoa1 myocarditis ensued in all older quail examined 15-23 DPI. Tachyzoites partially filled cardiocytes adjacent to areas of intense inflammation and necrosis (Fig. 5 ). Multinucleated spin- dle cells within these areas were interpreted to represent early attempts at regeneration or replacement fibrosis. Focal inflammation persisted in 2 quail (nos. 115, 112) .
Skeletal muscle. Minimal to mild multifocal nonpurulent protozoa1 myositis was accompanied by hypercontraction, hyaline change, vacuolar degeneration, and rhabdomyolysis in 6 of 8 quail examined 8-23 DAI. By 63 DAI, only mild multifocal nonpurulent myositis was found in quail no. 112.
Brain. By 8 DAI, mild multifocal nonpurulent angiocentric encephalitis was accompanied by few T. gondii tachyzoites. In some sections, there was vasculitis, thrombosis, and expansive areas of coagulative necrosis (infarction). From 15 to 23 DAI, moderate multifocal to maximal diffuse protozoa1 meningoencephalitis was characterized by swarms of T. gondii tachyzoites that invaded the neuropil (Figs. 6-9 ). By 63 DAI, only moderate multifocal nonpurulent encephalitis was found in quail no. 115.
Eye. Mild multifocal nonpurulent protozoa1 retrobulbar myositis was seen in 5 of 6 quail 8-19 DAI. Moderate purulent protozoa1 idiocyclitis was present in the quail examined 23 DAI. Marked purulent protozoal lacrimal adenitis accompanied retrobulbar myositis in the quail examined 16 DPI.
Other organs. Moderate multifocal necrotizing protozoal pancreatitis was present in 1 quail (no. 123, 23 DAI). No T. gondii was seen in examined sections of gizzard or proventriculus.
Discussion
Quail were highly susceptible to the GT-1 isolate of T. gondii. In the 7 quail that died between 5 and 8 DAI, acute, severe, necrotic enteritis was the main lesion. These lesions were the same as seen in mice and several other hosts of T. gondii. 5, 7 After the ingestion of oocysts, sporozoites are released in intestinal lumen and become tachyzoites after penetration of host cells. Toxoplasma gondii multiplies initially in the intestinal lamina propria cells, including blood vessels, and produces necrosis of lamina propria, sometimes leaving the superficial epithelial cells unaffected. The organism then spreads to intestinal musculature and other organs. In quail that died 6-9 DAI, intestinal epithelium was more heavily parasitized with T. gondii than were the intestinal muscles and the serosa. Intestinal muscles were more heavily parasitized than was epithelium in quail necropsied 15-19 DAI.
Neural lesions were seen starting 8 DAI and persisted until 63 DAI. Grossly visible areas of necrosis were associated with profuse multiplication of T. gondii tachyzoites and tissue cysts in the 2 quail examined 16-23 DAI; such extensive neural lesions are rarely seen in other experimentally inoculated animals. 5 Quail in the present study responded serologically to T. gondii; high levels of T. gondii antibodies were detected in sera of birds by 19 DAI. Toxoplasma gondii antibody titers were higher with the MAT than with the LAT and IHA test. The DT was unsuitable for detecting T. gondii antibodies, a finding in agreement with results obtained with chicken sera. 8, 9 Quail that survived initial T. gondii infection remained infected. Mice inoculated with tissues of the quail that was euthanized 63 DAI died of acute toxoplasmosis, indicating that some clinically normal Japanese quail can harbor virulent T. gondii. The high success rate of recovery of T. gondii from quail tissues by bioassays suggests that many tissues of quail remain infected with T. gondii and all quail tissues should be cooked thoroughly before consumed by humans or other animals.
